Sound velocity measurements by x-ray shadowgraph technique for melting phenomena at ultrahigh-pressure regime Rev. Sci. Instrum. 83, 10E529 (2012) An evaluation of high energy bremsstrahlung background in point-projection x-ray radiography experiments Rev. Sci. Instrum. 83, 10E528 (2012) A new scheme for stigmatic x-ray imaging with large magnification Rev. Sci. Instrum. 83, 10E527 (2012) Simultaneous surface plasmon resonance and x-ray absorption spectroscopy Rev. Sci. Instrum. 83, 083101 (2012) Soft x-ray images of the laser entrance hole of ignition hohlraums Rev. Sci. Instrum. 83, 10E525 (2012) Additional information on Rev. Sci. Instrum. The soft x-ray instrument for materials studies at the linac coherent light source x-ray free-electron laser The soft x-ray materials science instrument is the second operational beamline at the linac coherent light source x-ray free electron laser. The instrument operates with a photon energy range of 480-2000 eV and features a grating monochromator as well as bendable refocusing mirrors. A broad range of experimental stations may be installed to study diverse scientific topics such as: ultrafast chemistry, surface science, highly correlated electron systems, matter under extreme conditions, and laboratory astrophysics. Preliminary commissioning results are presented including the first soft x-ray single-shot energy spectrum from a free electron laser.
I. INTRODUCTION
Soft x-rays are valued for element and chemical state specific sensitivity as well as probes of nanoscale structure. The electronic structure in chemical reactions or highly correlated electron systems evolves on a sub-picosecond time scale. Therefore, ultrafast pulses of soft x-rays are suited for investigating electrons in materials on their native time scale. The soft x-ray materials research (SXR) instrument was designed to study ultrafast chemistry, clusters as new materials, strongly correlated materials and to perform high-resolution ultrafast coherent imaging on magnetic materials. Hamburg, Germany.
The SXR instrument design reflects the need to service a diverse experimental program. Experiments are performed in end stations which house the sample environment and interface to the x-ray beamline, optical pump laser, controls system, and data acquisition system.
Free electron lasers have recently pushed into sub optical wavelengths with FLASH lasing at 6.8 nm in 2007 and 4.1 nm in 2011.
1 Hard x-ray lasing was first achieved at the linac coherent light source (LCLS) in 2009 and SACLA in Japan in 2011 with the European XFEL anticipated to come online in 2015. 2 These sources all rely on the phenomenon of self-amplified spontaneous emission (SASE) to generate high intensity ultrashort x-ray pulses. 3 The SASE process, which relies on the amplification of spontaneously emitted photons, generates pulses with characteristics that fluctuate on each shot. As a result, experiments rely heavily on instrumentation to control or characterize the properties of each free electron laser (FEL) pulse.
This manuscript introduces the SXR instrument in three parts: (1) a comprehensive discussion of the instrument components (2) controls and data acquisition for diverse instrumentation and a (3) review of the initial beamline performance measured during commissioning.
II. LAYOUT AND INSTRUMENT COMPONENTS
The SXR instrument spans two hutches in the Near Experimental Hall of the LCLS at the SLAC National Accelerator Laboratory.
4 Figure 1 illustrates the functional components of the beamline, or instrument, as well as the optical layout. The SXR beamline contains two major optical systems shown together in Figure 1 . First, a varied line spacing plane grating monochromator consisting of a focusing mirror, grating system, and exit slit, is located in hutch 1 and the upstream side of hutch 2. 5 The second major optical system is a Kirkpatrick-Baez focusing mirror pair which is located entirely in hutch 2. These major systems are complimented by diagnostics and other systems to form the SXR beamline. This section describes the function and operation of each of the components along the beamline. The first vacuum gate valve of the beamline, or interface valve, in hutch 1 separates the front end enclosure (FEE) systems from the SXR beamline and denotes the coordinate origin [Z = 0.0 m] for the instrumentation. The interface valve is nominally 163.5 m from the x-ray source. 
A. Stoppers and shutters
The first personnel protection photon stopper for the SXR instrument, S2, is housed in the front end enclosure [Z = −4.053 m]. S2, like all LCLS photon stoppers, pneumatically inserts two independent stoppers composed of 10.6 mm of B 4 C and 82.5 mm of tungsten. The second SXR photon stopper, S2b, is located in hutch 2. Because the focused LCLS beam can ablate all known solid shielding, permission to open S2 and S2b simultaneously is granted after hutch 2 is searched and cleared of personnel. Without clearing hutch 2 of personnel, S2 can be opened when S2b is closed because containment of the beam is guaranteed by the static shielding and optical geometry. Therefore, personnel can always access hutch 1 during SXR operation.
Directly downstream of the first gate valve of the SXR beamline in hutch 1 is the first component of the SXR beamline, the equipment protection shutter (EPS) [Z = 0.150 m]. In 100 ms the EPS actuates pneumatically by inserting a B 4 C disk that is 3 mm thick and 25 mm in diameter into the beam. The EPS is reliable, robust and can withstand prolonged exposure to the full, unfocused FEL beam without damage.
The single pulse shutter (SPS) [Z = 0.429 m] follows the EPS. The SPS can select individual pulses from the LCLS when the accelerator repetition rate is 10 Hz. As a result any arbitrary sub 10 Hz pulse structure can be delivered without adjusting the accelerator operation. This is important for experiments where a solid fixed target sample needs to be moved into position between FEL pulses as well as experiments where the detector readout time is longer than the period between FEL pulses. The SPS may be operated with a predefined pulse sequence or deliver single pulses on demand. To ensure that the SPS actuation is coincident with the arriving FEL pulse the command to fire is synchronized with a machine event trigger. The SPS is an ultrahigh vacuum 
B. Static gas cell
Following the SPS is a static gas cell [Z = 1.156 m] which can be used for energy resolution calibration of the monochromator. The cell is 703 mm long with 200 nm Al filters integrated to the gate of the valves at both the entrance and exit. A 722B11TBA2FK model baratron pressure gauge (MKS Instruments) reports a full scale measurement at a pressure of 10 Torr with an accuracy of 0.5% of the readout value. Limited by the Al filters, the maximum pressure the cell can sustain is 1 Torr. The FEL pulse energy must be limited to approximately <40 μJ for photon energies below 1000 eV to prevent damage to the filters. Chemically inert gases can be injected into the cell which can be fully evacuated to UHV conditions in minutes via a dedicated turbo molecular pump system. After pumping, the gate valves containing the Al filters can be opened rendering the gas cell region transparent.
C. TSS laser in-coupling and alignment laser
The SXR instrument has two positions where optical laser beams can be incoupled co-linear with the FEL beam. Both use an identically designed system whereby a mirror with an axial hole in the center, to pass the FEL beam, can be inserted at 45
• in the horizontal plane with respect to the propagating FEL beam (see Figure 2) . The system can accommodate two 50 mm mirrors which typically have a 2 mm axial aperture to transmit the x-ray beam. There is a 14 mm aperture in the mirror mount through which the FEL beam may pass unobstructed. One of the laser in-coupling systems (TSS-LIN) [Z = 1.639 m] is located upstream of the transmission sample system (TSS) described below in Sec. II D, and it can be used to in-couple a pump laser pulse to illuminate a sample in the TSS. An optical breadboard (762 mm × 610 mm) is located next to the in-coupling to conveniently mount optics for laser beam manipulation. A second LIN system is located at the end of the beamline and will be discussed in Sec. II K.
The TSS LIN is also used to in-couple an alignment laser beam. In this case a <0.5 mW λ = 543 nm continuous wave HeNe laser is collimated and directed along the beampath. The alignment laser transmits through the entire beamline and into the end station. Because the alignment laser in-couples the beam 14.526 m upstream of the exit flange and must pass 
The transmission sample system (TSS) may be used to introduce transmission samples upstream of the monochromator. It is used for calibrating the wavelength selection of the monochromator but is also available to users for experiments. As shown, the TSS has a single manipulator attached for sample insertion. Additionally, an off center, aft flange allows a detector to be inserted after the sample position at the TSS chamber center (not visible here). through seven 3.5 mm apertures, the alignment laser path is coincident with the x-ray beam. The alignment laser is useful for optimizing beamline components such as detectors, but its primary application is the ability to see the location of the beam in experimental end stations. Chambers can be aligned and detectors optimized to within 0.5 mm of the xray beam position within an end station without using limited FEL beam time.
D. Transmission sample system
The TSS [Z = 1.893 m] shown in Figure 2 sits downstream of the gas cell, but upstream of the monochromator grating tank. The TSS allows fixed-target transmission samples to be inserted into the FEL beam before any of the beamline optical components. It is one of the experimental stations on the SXR instrument accessible to users via proposal review for experiments. It is also important for the energy calibration of the monochromator whereby x-ray absorption samples of known composition are introduced to the beam in the TSS. At the TSS the beamsize is 2.1 mm FWHM for a photon energy of 1000 eV which corresponds to an intensity of 4.5 × 10 11 W/cm 2 for a FEL pulse energy of 1 mJ and a pulse duration of 50 fs FWHM. The TSS was designed to accommodate a diverse set of experiments. A multi-axis linear translation manipulator is mounted on the TSS to position samples. Off beam axis view ports may be used for cross beam optical laser pulse illumination or to monitor samples. An aft flange allows for detectors to be inserted after the sample position.
E. Varied line spaced grating monochromator
The SXR instrument is unique between the soft x-ray instruments at the LCLS because of its monochromator. 5, 7 Though the energy bandwidth is narrow from the FEL output, less than 0.5% for a typical pulse, the photon energy fluctuates due to the SASE process. The monochromator can both narrow the bandwidth and give the experimenter control over the photon energy. The monochromator mechanical systems were constructed by BesTec GmbH of Berlin, Germany.
The SXR monochromator is designed to work without an additional focus and entrance slit in front of the gratings because the intensity of the FEL beam focused on the entrance slit could easily exceed the B 4 C damage threshold. The beam profile and illumination of the optics can be controlled with four independent slit blades located at the entrance of the monochromator tank [Z = 2.289 m]. Each B 4 C slit blade can be inserted beyond center to fully block the beam or it may be fully removed. To avoid collisions when the blades are inserted completely, each slit blade face is separated by 10 mm in the longitudinal beam direction. Through the controls system, the slits can be moved independently or in tandem pairs.
The grating vacuum vessel houses a spherical mirror (M1) and two varied line space gratings. Both optical substrates are single crystal silicon and the optics were manufactured by Zeiss GmbH. The M1 mirror and the grating, like all of the SXR x-ray optics, consist of a Si substrate coated with a 37.4 nm thick B 4 C reflective coating. 7 The spherical mirror [Z = 2.643 m] has a 1049 m radius of curvature and focuses the beam at the exit slit position. The two varied line space gratings [Z = 2.929 m] have been ruled by Shimadzu in Japan on a single substrate. This allows both a 100 line/mm and 200 line/mm grating to be exchanged simply by a transverse movement of the grating. An area adjacent to the two gratings was left unruled and can be used to directly reflect the beam. The pitch of both the grating and the M1 mirror originate from an out of vacuum linear drive that moves the optical mounting assemblies on a sine bar. Each assembly has two in vacuum angular optical encoders which are averaged to provide feedback control to the drive motors. The feedback is closed loop and only active while the motor is moving to the desired destination. Once the motor arrives at the destination, a holding current is applied such that the position is maintained without the need for feedback from the encoder. This feedback system is implemented for all of the optical components on the beamline.
The output beam can be viewed on a Ce:YAG crystal [Z = 3.477 m]. When the grating is illuminated to allow the first order beam to transmit down the beamline, the unused zero order beam is absorbed by a B 4 C collimator [Z = 3.552 m].
F. Exit slit and spectrometer detector
The photon energy bandwidth of the dispersed beam is controlled by the exit slit (EXS) [Z = 10.434 m]. The B 4 C exit slit blades are straight to within 5.6 μm over 10 mm and the slit parallelism is 0.36 mrad. This allows the two opposing vertically defining slit blades to close down below 10 μm in a bilateral motion driven by one motor. Because the beam is vertically focused at the exit slit, the direct (zero order) beam has sufficient intensity to ablate the blades. Therefore, an interlock has been implemented which prevents the beam from being delivered if the exit slit is not open during zero order operation.
The SXR instrument can be operated as a spectrometer when the dispersed beam is directed down the beamline onto a Ce:YAG crystal [Z = 10.619 m] inserted 185 mm after the opened exit slit. The Ce:YAG crystal is illuminated at normal incidence by the FEL. A right angle prism directly after the YAG reflects the signal such that it can be imaged via a camera (Opal 1000, Adimec) and a 70 mm focal length objective. Because the camera can be read out at 120 Hz it is possible to capture a single spectrum for each FEL pulse as shown in Figure 6 . This has proven invaluable for characterizing the statistical nature of the FEL radiation. It can also be used for single-shot absorption spectroscopy when a sample is mounted in the transmission sample chamber. Because the LCLS is a short pulse source the monochromator design favors preservation of the short pulse duration over spectral resolution.
The S2b photon stopper follows the EXS as described in Sec. II A. With S2b closed the spectrometer can be conveniently operated without clearing the personnel from hutches 1 or 2.
G. Polarizer
SASE radiation from the LCLS is horizontally linearly polarized. To generate circularly polarized soft x-rays, magnetic transmission filters [Z = 13.900 m] can be introduced to the beam. Such a filter relies on x-ray magnetic circular dichroism and as a result only functions at specific resonant energies. 8 The polarizer filters are introduced to an in situ magnetic field of 0.1 T by a permanent magnet. The angle of the field and the sample can both be adjusted to optimize the degree of circular polarization and the resulting transmission. Typically 4 % of the incident beam is transmitted by the polarizer and the degree of circular polarization is 0.3. When the polarizer is not in use, the filters are removed from the beam.
H. Fluence monitor
During monochromatic operation, the pulse-to-pulse wavelength fluctuation translates to a fluctuation in flux after the exit slit. As a result the FEE gas detector, which measures the number of photons per pulse before the SXR instrument, is no longer valid for initial intensity normalization. 9 Therefore, an additional solid state fluence monitor [Z = 14.017 m] has been installed downstream of the exit slit.
The monitor measures the shot to shot charge pulse from two 10 nm Al films deposited on both sides of a 200 nm polyimide membrane. The detector transmits a majority of the x-ray flux, the lower limit being 70% transmission at low photon energies (500 eV).
The mount for the fluence monitor membranes is electrically isolated and biased to −200 V to mitigate low energy electron loss. When a soft x-ray pulse impinges on the film, some of the x-rays are absorbed and eject an electron via photoemission which collectively results in a quantifiable electrical charge pulse proportional to the incident number of x-ray photons. 
I. Kirkpatrick-Baez refocusing mirror system

J. Differential pumping system
Strict UHV conditions are required where the FEL beam interacts with optical components to avoid cracked hydrocarbons from depositing carbon onto the optics. This is especially true for the KB mirrors which are only 500 mm from the exit flange of the beamline. To relax the vacuum requirements of the end station systems, a differential pumping stage is integrated to the SXR beamline directly after the KB mirrors. A 45 l/s ion pump located between two differential pumping tubes, which are 4.57 mm in diameter and 66.5 mm long, provides nearly two orders of magnitude difference in pressure between the two ends of the system, allowing the pressure in the end station to be as high as 10 −6 Torr. A residual gas analyzer samples the vacuum near the ion pump in order to monitor the partial pressure of potential hydrocarbons before the gate valve to the optical components of the beamline.
K. Laser in-coupling system
Many ultrafast pump-probe experiments require collinear pump and x-ray beams. A duplicate of the system described in Sec. II C, the LIN [Z = 16.296 m], is the last component upstream of the end station. To allow for a large 50 mm optical beam size, the exit gate valve for the beamline is actually   FIG. 3 . End stations integrated for operation on the SXR instrument: (a) The resonant coherent imaging (RCI) end station features precision in vacuum sample manipulation and a soft x-ray sensitive CCD camera. It is optimized for coherent scattering experiments. (b) The surface science end station (SSE) features a sample manipulation system as well as an x-ray emission spectrometer and a hemispherical electron analyzer. It is intended for studying the chemical dynamics at surfaces and interfaces. (c) The resonant soft x-ray scattering (RSXS) end station features a cryostat with precision sample manipulation and a CCD camera that can read out one frame for each x-ray pulse. 17 It is designed for soft x-ray diffraction to study correlated systems like high Tc superconductors. (d) The liquid jet end station (LJE) features a liquid jet sample injection system and a grating spectrometer. The LJE is used to study liquid phase chemistry.
upstream of the laser in-coupling system. As a result the user end stations may connect directly to the laser in-coupling system, which has an integrated turbo molecular pump and multiple pressure gauges.
L. Experimental end stations
The SXR instrument was designed to accommodate a wide range of sample environments, experimental geometries, and detection methods. Such flexibility is enabled by exchanging entire experimental systems or end stations. Unlike other LCLS instruments, there is no dedicated end station on SXR, instead a 10 m 2 area of the hutch downstream of the exit flange is void of any permanent equipment. The nominal exit flange for the beamline is at Z = 16.456 m, while the nominal focus for the KB mirrors is at Z = 16.933 m. The area is designed for rapid and simple exchanges of instrumentation. In addition to the commissioning end station there are four other end stations described in Figure 3 .
M. Commissioning end station
A simple end station shown in Figure 4 was constructed to measure the focal spot size, flux, and demonstrate laser to x-ray pulse timing synchronization. The end station features a 254 mm diameter spherical UHV vacuum chamber. Two three-axis manipulators (McAllister MB1500) were used to position samples and detectors at the center of the chamber. Samples were imaged with 5 μm resolution on axis using a 45
• incidence angle optical mirror with an axial hole to transmit x-rays viewed by a long working distance microscope. The entire vacuum system could be translated 30 cm along the beam path to measure the depth of focus of the KB mirror system.
N. Pulse monitoring system
For experiments where the FEL beam is transmitted through the end station, a pulse-by-pulse monitoring system is installed downstream of the end station system. The vacuum vessel for the pulse monitoring system has a dedicated turbo molecular pump, and the entire system has a mechanical support that is independent of the end station. Various diodes are introduced to the beam, but because of the high FEL intensity a set of absorption filters directly upstream of the diodes attenuate the FEL to prevent saturation of the diode signal level. The monitor vessel also has space for a calorimeter. The extreme downstream flange is the terminus for the FEL beam so a B 4 C disk that is 4.8 mm thick and 82.5 mm in diameter is integrated to the flange to serve as a photon beam dump.
III. CONTROLS AND DATA ACQUISITION (DAQ)
Unlike a synchrotron light source, the peak brightness of the LCLS is sufficient to ablate steel or glass shielding when the soft x-ray beam is highly focused. As a result, personnel are restricted from the experimental hutches when focused radiation is present. Operationally, this requires remote control of the mechanical motion, vision, vacuum, and data acquisition systems. Moreover, the cost and scarcity of LCLS beamtime encourages the efficiency enabled by full remote control of the instrument.
A. Controls and DAQ
A comprehensive controls and data acquisition system based on programable logic controllers (PLCs), experimental physics interface controls system (EPICS) and an eventby-event synchronized data acquisition system developed at SLAC is employed on the SXR instrument. Critical machine protection and vacuum component control such as gate valves must be fast and reliable: therefore, they are monitored and commanded by programable logic controllers. Non-critical beamline components such as motor motion, camera vision, and pneumatic drive systems do not have strict schedule or speed requirements. Therefore, they are controlled and addressed via software input output controllers operating on Linux computers located in hutch 2. The EPICS typically updates commands ten times per second regardless of the repetition rate of the accelerator.
Detectors which must readout once for each FEL pulse at 120 Hz are part of the data acquisition (DAQ) system which operates on an independent network. The DAQ system stores beamline data (BLD) for each shot. Examples of BLD are the charge of the electron bunch, the photon pulse energy as measured by the FEE gas detectors as well as the arrival time of the electron bunch at the end of the undulator. Individual values such as the charge integrated by a single point detector or the position of an optical encoder can be recorded on a shotto-shot basis by the DAQ. Arrays of data associated with each shot are recorded in the DAQ and may be acquired as a time trace from a voltage digitizer or an image readout from a camera. The entire system is used to control and record data for both the SXR beamline and the end stations connected to it.
B. Connection interface patch panel
While the controls and DAQ system for the beamline are static, end stations may be changed entirely within 48 h. Controls and DAQ integration for the end stations is simplified by a dedicated connection interface located in hutch 2 in close proximity to the end station space. The interface racks provide simple access to: vacuum gauge controllers, high voltage power supplies, network switches, motion controllers, detector drivers, fast digitizers, and many other devices located in fully enclosed water cooled electronics racks distributed around the experiment hall. The connector interface was designed to make equipment change over simple and efficient (see Figure 5 ). For example, the power, signal, trigger, and illumination connectors needed to operate a camera are grouped together on the interface panel. An exact duplicate of the controls system including the interface panel is located in a setup laboratory space adjacent to the experimental hutch. This allows users to configure devices and test controls systems before occupying the end station area in the experimental hutch.
IV. LASER SYSTEM
For pump-probe experiments, an 800 nm titanium doped sapphire oscillator and regenerative amplifier is capable of delivering 3.5 mJ pulses with a 50 fs duration at 360 Hz. The oscillator and amplifier are located above the hutch in a dedicated laser laboratory and the beam is delivered to the optical table in hutch 2 via an evacuated pipe. The pulses are compressed, delayed, and otherwise conditioned on the optical table before delivery to the experimental end stations.
V. COMMISSIONING RESULTS AND BASELINE PERFORMANCE
Commissioning of the SXR instrument began with first light on May 6, 2010 and lasted until the first user experiment on July 1, 2010. Initial results during this commissioning period are summarized in this section.
A. Monochromator
The first single-shot spectra from the LCLS was recorded with the SXR spectrometer and is shown in Fig. 6 . The structure of the spectrum validates the amplification of noise characteristics of SASE FEL sources. The average of multiple spectra show the mean bandwidth of the FEL is 7 eV (FWHM) with a central energy of 862 eV. This average bandwidth is composed of the intrinsic bandwidth of each pulse as well as the pulse to pulse variation in central energy resulting from jitter in the electron beam energy.
The resolving power of the monochromator was measured using the 1s-3p absorption resonance of Ne at 867 eV. 5 The resolving power, E/E of the 100 line/mm and 200 line/mm gratings are 2000 and 3500, respectively. The absolute photon wavelength was calibrated using the monochromator and a set of transmission samples in absorption.
B. Intensity
The fluence of each FEL pulse presents a novel detection challenge because x-ray detectors can easily saturate from the high intensity. A suite of detection schemes was used to validate linearity and detector performance. A gas detector located in the FEE, upstream of the entire beamline, measures the number of photons in each pulse and transmits the beam. 4, 9 The solid state fluence monitor was tested on the SXR instrument downstream of the exit slit of the monochromator and is capable of measuring pulse energies down to the microjoule level. For example, the fluence monitor reported an energy of 1.9 ± 0.3 μJ per pulse with a signal to noise ratio of 7; this measurement was made at 645 eV with a FEL pulse energy of 0.8 mJ with the monochromator in first order using the 100 line/mm grating and an exit slit spacing of 5 μm.
An absolute gas detector developed at DESY was installed downstream of the commissioning end station and upstream of the monitor tank. X-rays incident on the detector ionize gas atoms, here Kr and Xe were used independently, and the ions are extracted by a 2 kV potential. The ion signal is filtered before integration and is proportional to the average number of photons over a 30 s period. The measured transmission of the beamline at 800 eV was 22% ± 2% of the energy originating from the undulator.
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C. Focus
The focal position of the x-ray beam in the end station area can be adjusted with a bendable KB mirror system. To achieve the nominal focal position and thus the smallest focal spot, the mirrors are bent to their minimum radius. The resulting focal position is 0.5 m downstream of the exit flange with an experimentally measured spot size of 13.2 μm 2 at 1600 eV with the monochromator operating in zeroth order mode. 12 The mirrors can be bent independently of the insertion and pitch which is adjusted by the motion of the mirror stand. Aligning the beam to the center of both mirrors was accomplished with the five-degree of freedom motion of the stand.
Achieving the smallest possible spot size requires a coincident longitudinal focus for both KB mirrors. The SXR commissioning chamber was used for optimization and measurement of the focus. Samples, YAG for online focus optimization and PbWO 4 for focal size imprint measurements, were positioned around the center of the vacuum vessel with three axis manipulators. These samples could be optically examined in situ with a point of view co-axial to the x-ray beam. The entire chamber assembly could be moved along the beam axis and thus through the depth of focus.
Each focal axis was independently improved by bending the optimization mirror and unbending the other to create a line focus. In this way the intensity on the YAG screen remained below the damage threshold. The bend of each mirror and longitudinal position of YAG screen were iteratively varied to reach the optimal focus parameters.
Measurement of the actual focal spot size when both mirrors are bent was done by recording an imprint of the beam in a PbWO 4 substrate. The array of single-shot imprints in PbWO 4 was inspected with an ex situ differential interference contrast microscope. The depth of focus was found to be 13.4 mm. 12, 13 
D. Timing
Many of the experiments planned for the SXR instrument are optical-pump x-ray-probe. Such experiments require that the pulse can be synchronized and precisely delayed. The synchronization of the optical laser using the machine trigger distribution system is controllable to within 8.4 ns. Picosecond synchronization can be rapidly achieved with a 13 GHz oscilloscope observing the signal generated by each laser pulse on a high bandwidth detector. An SMA type connector serves as the same detector for both x-rays and the high intensity optical pulse (see Figure 7) . Fine adjustments to the FIG. 7 . Temporal overlap between the x-ray and optical pulses must be established for each experiment and monitored. Here, a simple and robust method for achieving sub 5 ps temporal overlap is illustrated. A rigid coaxial rf cable was terminated such that the center conductor comes to point which can be illuminated by both the optical and x-ray beam. The cable terminates in an SMA connector which is attached to a 25 GHz vacuum feedthrough (Times Microwave System P/N 59 130). The sufficient bandwidth is maintained through the transmission to take full advantage of the 13 GHz input bandwidth of the oscilloscope (LeCroy WAVEMASTER 813ZI).
optical delay stage enable sub 5 ps synchronization using this method. For femtosecond synchronization, a simple pumpprobe configuration is used where the optical laser arrival delay is scanned. For example, the 800 nm change in reflectivity from a thin (sub-micrometer) silicon nitride film pumped by an x-ray laser pulse is a simple and effective method for establishing precise time overlap. 14, 15 
E. Coherence
Quantifying the unprecedented transverse coherence of the LCLS x-ray pulse is important to accommodate coherent diffraction imaging, x-ray photon correlation spectroscopy and holography experiments. Nano-fabricated double pinhole transmission masks were used to characterize the transverse coherence properties of the beam. The pinholes were 340 nm in diameter separated by 2 μm to 15 μm. These samples were introduced to a 17 μm focal spot and a single x-ray pulse illuminated the nano-structured sample creating the scattering pattern. The fringe visibility of the scattering patterns from the pinholes as a function of pinhole separation was extracted to generate a modulus of the complex degree of coherence. The horizontal transverse coherence length measured at 780 eV was 17 μm. 16 From these measurements the total degree of transverse coherence is 56% and that the x-ray pulses are adequately described by two transverse coherent modes in each direction. This leads to the conclusion that 78% of the total power is present in the dominant mode.
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VI. SUMMARY
In summary, the SXR instrument on the LCLS is operational for users to study materials with ultrafast monochromatic soft x-rays. Preliminary commissioning results from the SXR instrument demonstrate the capability to perform experiments on the frontiers of physics, chemistry, and materials science.
